In the intact rat kidney, bicarbonate reabsorption in the early proximal tubule (EP) is strongly dependent on delivery. Independent ofdelivery, metabolic acidosis stimulates EP bicarbonate reabsorption. In this study, we investigated whether systemic pH changes induced by acute or chronic respiratory acidbase disorders also affect EP HCO3 reabsorption, independent of delivery (FLHCO3, filtered load of bicarbonate). Hypercapnia was induced in rats acutely (1-3 h) and chronically (4-5 d) by increasing inspired Pco2. Hypocapnia was induced acutely (1-3 h) by mechanical hyperventilation, and chronically (4-5 d) using hypoxemia to stimulate ventilation. When compared with normocapneic rats with similar FLHco3, no stimulation of EP or overall proximal HCO3 reabsorption was found with either acute hypercapnia (Pac = 74 mmHg, pH = 7.23) or chronic hypercapnia (Pa<> = 84 mmHg, pH = 7.31). Acute hypocapnia (Pac, = 29 mmHg, pH = 7.56) did not suppress EP or overall HC03 reabsorption. Chronic hypocapnia (Pa2 = 26 mmHg, pH = 7.54) reduced proximal HCO3 reabsorption, but this effect was reversed when FLHCo3 was increased to levels comparable to euvolemic normocapneic rats. Thus, when delivery is accounted for, we could find no additional stimulation of proximal bicarbonate reabsorption in respiratory acidosis and, except at low delivery rates, no reduction in bicarbonate reabsorption in respiratory alkalosis. (J. Clin. Invest. 1991. 87:631-638.)
Introduction
The first 1-2 mm ofthe proximal tubule ofthe rat nephron is a high capacity site for bicarbonate reabsorption, normally recapturing some 50-60% of filtered bicarbonate (1) (2) (3) (4) (5) (6) (7) (8) . Bicarbonate reabsorption at this site in the nephron, moreover, varies in direct relation to the filtered or perfused load over a wide range of loads (2, (4) (5) (6) (7) (8) (9) (10) . In addition to delivery, a variety of studies of bicarbonate transport in isolated tubule segments in vivo or in vitro have shown that acidosis stimulates and alkalosis inhibits proximal bicarbonate reabsorption (11) (12) (13) (14) (15) (16) . The extent to which systemic pH influences proximal bicarbonate reabsorption in the intact kidney, however, is unclear. In a previous free-flow micropuncture study, we showed that chronic metabolic acidosis stimulated bicarbonate reabsorption in the early proximal tubule, independent ofdelivery (17) . Chronic metabolic alkalosis, however, does not dampen bicarbonate reabsorption in the early proximal tubule, despite an alkaline pH (2, 5) .
In studies ofisolated perfused tubules in the rabbit, changes (19, 20) .
These studies were undertaken to assess the role of pH in the regulation of early and overall proximal bicarbonate reabsorption in the intact rat kidney during respiratory acid-base disorders. To take into account the influence of delivery, we compared bicarbonate reabsorption in rats with respiratory acidosis or alkalosis to that in rats with similar filtered loads of bicarbonate but with normal acid-base parameters. When delivery was accounted for, we could detect no additional stimulation of bicarbonate reabsorption by either acute or chronic respiratory acidosis and, except at low delivery rates, no significant reduction in bicarbonate reabsorption by respiratory alkalosis.
Methods
All studies were carried out on male Munich-Wistar rats obtained from Simonsen Laboratories (Gilroy, CA). The rats were fed a normal protein, sodium-and potassium-free low bulk diet (ICN Nutritional Biochemicals, Cleveland, OH), to which we added 2.0 mmol NaCl and 2 mmol KCI per 12 g ofdiet, for 3-7 d before study. Rats were given food and water ad lib. After appropriate adaptation, the rats were prepared for micropuncture as described previously from our laboratory (3, 21) . During surgery, to achieve euvolemia, most rats received a volume of plasma over 1 h equivalent to 1.3% ofbody wt from littermates exposed to the same prestudy conditions (22) . The remaining animals were plasma expanded with a total volume equal to 3% body wt of plasma plus 3% body wt ofisohydric Ringer's solution over a 90-min period. In the euvolemic protocol, plasma was infused throughout the experiment at a rate sufficient to maintain hematocrit constant (8) (9) (10) (11) (12) til/ min). In the plasma expansion protocol, rats received a 1:1 mixture of plasma and Ringer's solution (25 mM NaHCO3, 1 10 mM NaCl, 5 mM KCI) throughout the experiment at a rate sufficient to maintain volume expansion and to keep plasma protein concentration constant (4) . All blood removed for analysis was replaced by whole blood from littermate donors. For assessment of glomerular filtration rate (GFR), single-nephron GFR (SNGFR), and fluid reabsorption by the proximal tubule, a bolus injection of dialyzed [methoxy-3H]inulin (DuPont NEN Research Products, Boston, MA) was given in Ringer's solution followed by a constant infusion at 0.84 ml/h (17) . The inulin infusion was begun at least 45 min before beginning measurements.
Experimental protocols
Acute respiratory acidosis (ARACID).' ARACID was induced following tracheostomy, by ventilating the rats on a small animal ventilator (Harvard Apparatus Co., Inc., The Ealing Corp., Millis, MA) with either an 8 or a 10% CO2 (balance room air) gas mixture bubbled through water at room temperature. Oxygen was added to the inspired gas in an amount sufficient to maintain arterial Po2 at -_ 100 mmHg. Nine AR-ACID rats were studied under euvolemic conditions and four were studied after plasma expansion. Potassium was removed from the Ringer's infusion during plasma expansion because acute hypercapnia induced an increase in plasma [K+] .
Chronic respiratory acidosis (CRACID). CRACID was induced by exposing rats to a 10% CO2 (balance room air) atmosphere in an environmental chamber for 4-5 d. The 10% CO2 mixture was obtained by mixing 100% CO2 (bubbled through water at room temperature) with room air at ambient humidity. Gas samples from the chamber were measured using a Fyrite gas analyzer (Bacharach Inc., Pittsburgh, PA) to ensure that atmospheric CO2 in the chamber was constant. On the day ofmicropuncture the animal was injected with Inactin (100 mg/kg) and placed in a smaller chamber flooded with the same 10% CO2 gas mixture. When anesthetized, the rat was weighed, a mask delivering 10% CO2 and additional 02 was placed around the snout, and a tracheostomy was quickly performed. The rat was then ventilated with the 10% CO2 gas mixture, again with added 02 to maintain arterial Po2 at -100 mmHg. All CRACID rats were studied under euvolemic conditions.
Acute respiratory alkalosis (ARALK). ARALK was induced after tracheostomy, by hyperventilating the anesthetized rats with a room air-02 mixture bubbled through water at room temperature and adjusted to maintain arterial Po2 at -100 mmHg. All ARALK rats were studied under euvolemic conditions.
Chronic respiratory alkalosis (CRALK). CRALK was induced by exposing rats to a 12-14% 02 (balance nitrogen) atmosphere in an environmental chamber for 24 h followed by 10-11% 02 for an additional 3 d. The low 02 mixture delivered to the chamber was obtained by mixing 100% nitrogen (bubbled through water at room temperature) with room air at ambient humidity. Gas samples from the chamber were measured using a Fyrite gas analyzer to insure that the low oxygen atmosphere was constant. On the day ofmicropuncture the animal was injected with Inactin and placed in a small chamber flooded with the same 10-1 1% 02 gas mixture. When anesthetized, the rat was weighed and a tracheostomy was quickly performed. The rat was then hyperventilated with a room air-02 mixture bubbled through water at room temperature and adjusted to maintain arterial Po2 at -100 mmHg. Two rats were studied under euvolemic conditions. The remaining seven were studied after plasma expansion to achieve filtered bicarbonate levels comparable to euvolemic normocapneic rats.
To assure that the level of ventilation during micropuncture in CRALK animals was comparable to the level induced by hypoxemia, Pa<02 was measured in two awake rats after exposure to 10 Proximal bicarbonate reabsorption in ARACID is compared with normocapnia in Fig. 1 Table IV . At the lowest range of FLHCO3 (1,200- 1,600 pmol/min), early proximal bicarbonate reabsorption is at the lower end of the normocapnia confidence bands (Fig. 1  A) , and the regression equation is significantly different (P < 0.025). In the mid-range (1,600-2,000 pmol/min), both early and overall proximal reabsorption are reduced (P < 0.01).
HCO; Reabsorption in Respiratory Acid-Base Disorders 633 At the highest range (2,100-2,500 pmol/min), bicarbonate reabsorption in ARACID is not significantly different from normocapnia. Chronic respiratory acidosis. In this disorder we subdivided our observations into two ranges of FLHcO3 (1,600-2,000, and 2,100-2,500 pmol/min). SNGFR is significantly lower in CRACID than in normocapnia at each FLHCo3 range, due to the higher bicarbonate concentration in the CRACID animals. As can be seen in Fig. 1 B and Table IV , no significant difference in the pattern of bicarbonate reabsorption was seen in CRACID as compared with normocapnia in the 1,600-2,000 range. In the higher range (C), the pattern of early proximal bicarbonate reabsorption is identical to that seen in remnant kidney rats, but reabsorption at late proximal tubule sites fell slightly below that seen in the remnants. As a result, comparison ofthe curves showed a significant difference (Table IV) .
Acute respiratory alkalosis. In this disorder, we subdivided our observations into three ranges of FLHCO3 (800-1,000, 1,000-1,200, and 1,200-1,400 pmol/min). Fig. 2 , and the equations and comparisons are shown in Table IV . In this disorder, no changes in bicarbonate reabsorption were noted as compared with normocapneic rats at any level of bicarbonate delivery.
Chronic respiratory alkalosis. In this disorder, we subdivided our observations into three ranges of FLHCO3 (600-800, 800-1,000, and 1,000-1,200 pmol/min). To attain the higher delivery rates, plasma expansion was required. normocapnia, SNGFR values were higher at e range in the CRALK animals. The pattern of pro bonate reabsorption is shown in Fig. 2 for all t] ranges, and the equations and comparisons are I Table IV . At the lowest range, 600-800 pmol/mi overall proximal bicarbonate reabsorption was sign creased in CRALK, but insufficient data are availa reabsorption in the early proximal tubule. At hi1 loads (800-1,000, 1,000-1,200 pmol/min), no sif 2100-2500 pmol/min duction in proximal bicarbonate reabsorption was seen as compared with normocapneic animals (Fig. 2, B (Fig. 2 A) , Respiratory acidosis. Bicarbonate reabsorption in the early ificantly deproximal tubule has not previously been examined under freeible to assess flow conditions in acute respiratory acidosis, but our results are gher filtered consistent with previous micropuncture studies of end-proxignificant re-mal reabsorption in this disorder (18) (19) (20) . All studies to date indicate that end-proximal bicarbonate reabsorption in the rat does not increase unless bicarbonate delivery is concomitantly increased. In our studies, bicarbonate reabsorption in the proximal tubule varied in direct relation to changes in FLHCO3 (Table II, Fig. 1 ). In the lower FLHCO3 ranges, bicarbonate reabsorption actually fell slightly below that seen in normocapneic animals ( Fig. 1, A and B) . The cause of this reduction is unclear, but could be related to hyperkalemia. In the lower two normocapneic animals. At the highest levels of delivery, the reabsorptive rates in ARACID were not different from those seen in normocapneic rats with metabolic alkalosis (Fig. 3) or with remnant kidneys (Fig. 1) .
In contrast to acute respiratory acidosis, an increase in endproximal bicarbonate reabsorption has been reported in freeflow micropuncture studies in chronic respiratory acidosis (25, 26) . In these studies, however, reabsorption has been compared to normocapneic animals with a much lower FLHco3. Our results are consistent with these previous observations. When CRACID rats are compared with euvolemic two-kidney rats with no acid-base disturbance, bicarbonate reabsorption both in the early and late proximal tubule is significantly increased (Table II) . However, as shown in Table II , FLHco3 in the normocapneic rats is only 54% of the value seen in the CRACID rats. When compared with rats with a similar FLHco3 but without hypercapnia or acidemia, no stimulation of reabsorption is observed in the CRACID rats (Fig. 1) . In fact, at the highest delivery rates (2,100-2,500 pmol/min), proximal bicarbonate reabsorption is lower in respiratory acidosis than in normocapneic remnant kidney rats. The rats in this latter group have proximal tubular hypertrophy (6) , in contrast to the CRACID animals. Because we found no stimulation ofbicarbonate reabsorption at any given distance from Bowman's space in remnant kidney rats compared with two-kidney plasma expanded rats at similar FLHCo3 values (6), it seems unlikely that tubular hypertrophy is responsible for the higher rate of reabsorption. The bicarbonate reabsorptive rates that occur in the proximal tubule in response to high filtered loads (> 1,400 pmols/ min) cannot be accounted for on a physicochemical basis (7, 8) , and thus one must invoke an increase in the number or activity of epithelial proton transporters and/or basolateral bicarbonate transporters. The major stimulus for this increase in CRACID, however, could well be an increase in delivery rather than a change in systemic pH or Pa,02. Measurements of Na+/ H' exchange in chronic hypercapnia have shown conflicting results. In the rabbit, Na+/H' exchange is stimulated by chronic hypercapnia (14, (27) (28) (29) , but in the rat, no effect has been demonstrated (30, 31) .
Respiratory alkalosis. Acute respiratory alkalosis has been reported to decrease end-proximal bicarbonate reabsorption in the rat (18, 19) . In these studies, however, FLHCo3 was lower in the rats with hypocapnia than in the normocapneic controls. This difference could have accounted for a major fraction of the observed reduction in proximal bicarbonate reabsorption. In addition, the degree of hypocapnia was more severe, 18 (33, 35, 36) , and respiratory alkalosis transiently suppresses net acid excretion (34) . In the chronic steady state in both disorders, however, net acid excretion returns to control levels, and acid balance is maintained at a new bicarbonate concentration (34, 36 (Fig. 2 A) . 
